The observation that the coefficients of diffusion of deuterium and oxygen-18 in ice are equal strongly suggests that the diffusion measured is the self-diffusion of intact water molecules.1 Summarized here are the considerations which have led to the conclusion that the diffusion occurs by means of the migration of interstitial molecules.
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With ionic solids, the exact relationship between the diffusion constants and the coupled low-frequency conductivity can be valuable in deciding between several conceivable mechanisms.2 Except for very scarce hydronium and hydroxyl ions,3 ice is a molecular crystal; it has been proposed by Haas, 4 however, that diffusion in ice is coupled to the displacement current associated with dielectric relaxation. For this to be true, diffusive motion must be accompanied by the displacement of polarization charges; otherwise, as Granicher5 has shown, diffusion and dielectric relaxation must be controlled by separate processes.
What are these polarization charges in ice? The structure of ice has been extensively studied ;6 each water molecule forms four hydrogen bonds with its tetrahedrally arranged neighbors. According to Bjerrum,7 the reorientations of the dipoles associated with dielectric relaxation occur at sites of imperfect hydrogen bond coordination. The defect bonds, containing two protons or none, move as the molecules rotate and are the sources and sinks of the polarization field.8
The migration of these "Bjerrum faults" produces no mass transport. However, the activation energy associated with the diffusion process9 (13.5 i 1.1 kcal/mole) is very similar to that of dielectric relaxations (13.25 kcal/mole) and led Haas4 to propose for a common mechanism the migration of pairs formed by the binding of interstitial molecules to the polarization charges. Two models were offered, differing in the motion of the complex: an interstitial might be carried along with a Bjerrum fault for several steps (model A); or at each step the interstitial might displace a lattice molecule as the orientational defect is propagated (model B). Another conceivable electrically active defect, whose motion would produce mass transport, is a Bjerrum fault "diluted" by a vacancy; this imperfection can be imagined to result from the removal of one of the two molecules involved in a defect bond.
It should be remarked that in pure ice the drift of the hydronium and hydroxyl ions, while determining the dc conductivity, contributes little to dielectric relaxa-tion8 and nothing to oxygen diffusion.
In principle, the importance of the roles played by the various defects could be determined by calculating energies and entropies appropriate to the formation and displacement of the defects. A more feasible approach, however, seems to be an inductive one, based on the experimentally observable consequences of an assumed mechanism.
Experimentally,'0 the dielectric properties of ice can be described by a single relaxation time Td-the characteristic time of the exponential decay of the polarization following a discontinuous change in impressed voltage. Consistently, dipole rotation by the drift of orientational defects leads to a prediction of a single relaxation time.8' 11 Furthermore, if composite defects were predominant, the dielectric relaxation time would be closely related to the coefficient of self-diffusion D; this relationship is determined by geometry alone, provided the defect concentration is not extremely high or low.
In calculating the diffusion coefficient or dielectric relaxation time for an assumed mechanism, care must be exercised to account for the various correlation effects between successive jumps. Analyses of the composite defect mechanisms leads to the results contained in the following The observed diffusion is an order of magnitude faster than dielectric relaxation, if the experiments are discussed in equivalent terms. It can therefore be concluded that the imperfections relevant to diffusion are not, on the whole, electrically active.
It is still possible for some, or even most, of the orientational defects to be transport active, but most of the diffusion must be due to another mechanism.
Elastic relaxation in ice has also been attributed to molecular reorientations, here induced by strains in the crystal;"2 the Bjerrum fault mechanism has been invoked to explain the necessary rearrangements.'3 Again a single relaxation time is defined experimentally' and theoretically," the theoretical elastic relaxation time Te being related to Td by Td/Te = 3/2, in agreement with experiment. However, this ratio would be valid, whether or not the Bjerrum faults were paired with vacancies or interstitials, so this question remains unanswered.
Proton spin resonance experiments supply additional information about the motion of the protons. The temperature dependence of the spin-lattice relaxation time T, in pure ice'4' 1 ' is characteristic of relaxation by thermal motion of the spins and implies the same activation energy as that associated with the diffusion process (and dielectric and elastic relaxation).
Several authors'4-'6 have correlated the spin-lattice relaxation with dielectric or elastic relaxation in ice; the relaxation mechanism assumed, then, has been the rotations produced by the Bjerrum fault migrations. Application of the theory of spin relaxation developed by Redfield,'7 however, shows that this mechanism would require T, (at -2OC and w = 27r X 30 Mc/sec) to be at least 25 sec, whereas the observed value is 7.5 sec. This suggests the existence of some faster motion not detected by the electrical or mechanical measurements;18 since the diffusion of neutral species is indeed faster, this motion must be the primary one controlling the thermal equilibration of the proton spins.
In the case of ice, the predominant effect of diffusion on spin relaxation is the molecular rotation accompanying the translation; that is, the "intramolecular" contribution to T,-' is large. This contribution can be calculated accurately for the various conceivable mechanisms for diffusion; after adding estimates of the effect of the more distant spins, the calculated relaxation times can be compared with the experimental value to judge the possible mechanisms.
The comparisons are decisive. Most of the conventionally invoked diffusion mechanisms-"direct" interstitial displacements, vacancy diffusion, or concerted jumps of neighbors-would entail a spin-lattice relaxation time of about a second, significantly shorter than observed. One diffusion mechanism, however, leads to a predicted T, consistent with experiment. This mechanism is the migration of "free" interstitials-molecules which diffuse several steps in the interstitial space before occupying a normal lattice site, in contrast with a "direct" interstitial displacement. From the observed relaxation time we can estimate the mean square displacement per trip to be about 8dW. This "free" interstitial mechanism for diffusion seems reasonable in view of the open structure.
In pure ice the spin-lattice relaxation effects of the electrically active motions are not completely overwhelmed by the neutral diffusion; the relative importance of the mechanisms may well be changed in doped samples, where soluble impurities alter the concentrations of the charged species. This appears to be confirmed in a general way by recent studies'9 of the proton spin-lattice relaxation in ice doped with HF and NH4F.
